Hydrothermal synthesis is an attractive method for the deposition of ferroelectric thin films because it can realize a low processing temperature of 200°C or less. In this study, micron-sized PbZr 1Ϫx Ti x O 3 ͑PZT͒ single crystals and thin films were fabricated on a Ti substrate at 160°C by hydrothermal synthesis. The ferroelectricity of the crystals was investigated using local piezoresponse hysteresis, while their domain structure was investigated using high-resolution transmission electron microscopy ͑HRTEM͒ measurement. The isolated PZT single crystal exhibited hysteresis behavior of the piezoresponse, which represents ferroelectricity. From the HRTEM observations of a crystallite in polycrystalline PZT thin film, we found a twinned domain structure in the form of a ... c/a/c/a ... polydomain pattern. On the basis of the HRTEM observations, we proposed a three-dimensional domain structure for the isolated PZT single crystal; the c/a domain walls form along coherent ͕101͖ planes in the tetragonal cell. This structure was experimentally verified by scanning nonlinear dielectric microscopy. [10] [11] [12] [13] However, much of the research on hydrothermal synthesis for the deposition of ferroelectric thin films is in the initial stages.
Ferroelectric PbZr 1Ϫx Ti x O 3 ͑PZT͒ thin films with a perovskite crystal structure have potential application in nonvolatile memory components, infrared sensors, microactuators, and electro-optic devices for data storage and displays. 1 PZT thin films have been fabricated by a number of different chemical and physical deposition methods including sol-gel, 2 sputtering, 3 and pulsed laser deposition. 4 All the techniques require a high processing temperature ͑500°C or above͒ for the crystallization, which inevitably results in lead volatilization, film-substrate interdiffusion, and film delamination due to thermal expansion mismatch.
Hydrothermal synthesis is a technique that uses aqueous chemical reactions to synthesize inorganic materials at elevated pressures ͑Ͻ15 MPa͒ and a temperature of 200°C or lower.
5 Shimomura et al. used this synthesis to fabricate PZT thin film for the first time in 1991 6 and Morita et al. improved the process in 1997. 7 In 1998, Morita, Kurosawa, and Hioguchi applied PZT film to microultrasonic motors. 8 This letter confirms the piezoelectric effect of hydrothermal PZT thin film. In 2000, Kanda et al. also confirmed the direct piezoelectric effect. 9 Heteroepitaxial BaTiO 3 and PZT thin films by hydrothermal synthesis have been reported by Chien et al. [10] [11] [12] [13] However, much of the research on hydrothermal synthesis for the deposition of ferroelectric thin films is in the initial stages.
Until now, the question whether hydrothermally synthesized thin films have ferroelectricity has not been directly answered. In particular, few reports have indicated the nature of domain structures though knowledge of the domain structures is necessary for understanding the macroscopic behavior of ferroelectric material.
In the present work, we used hydrothermal synthesis to fabricate submicron and micronsized isolated PZT single crystals and thin films on a Ti substrate. Local piezoresponse hysteresis measurements were used to investigate ferroelectricity, and high-resolution transmission electron microscopy ͑HRTEM͒ observations were used to investigate the domain structure. On the basis of the HRTEM observations, a threedimensional domain structure of the isolated PZT crystal was proposed. It was verified using scanning nonlinear dielectric microscopy ͑SNDM͒.
The micron-sized isolated PZT single crystals ͑PZT crystal͒ were hydrothermally synthesized at 160°C for 1 h in a sealed autoclave containing a Ti substrate and the solutions of PbNO 3 , ZrOCl 2 •8H 2 O, and TiCl 4 as the synthesis conditions of Kanda et al. 14 To confirm the ferroelectricity of the PbZr 1Ϫx Ti x O 3 single crystal, the local piezoresponse hysteresis loop was measured using atomic force microscope ͑AFM, Park Scientific Instruments͒. The ac voltage and frequency for inducing piezoresponse was 10 V pp ͑peak to peak͒ and 17 KHz, respectively. The dc bias voltage was in the range between Ϫ25 and ϩ25 V. The domain structure of the PZT crystal was directly observed using a very highresolution SNDM. [15] [16] [17] We also used hydrothermal synthesis at 160°C for 12 h to fabricate polycrystalline PZT thin films ͑PZT thin film͒. To estimate the composition and the crystal structure of the PZT crystal, wavelength-dispersive spectrometer ͑WDS͒ analysis and x-ray diffractometer ͑XRD͒ analysis were conducted on PZT thin film. HRTEM was also used to observe the plane view and cross-sectional view of a crystallite in PZT thin film. Figure 1͑a͒ shows the scanning electron microscopy a͒ Author to whom correspondence should be addressed; electronic mail: sikchoi50@kaist.ac.kr APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 17 26 APRIL 2004 ͑SEM͒ image of a typical PZT crystal and the surface image of PZT thin film ͑inset͒ on Ti substrate. The PZT crystal takes a micron-sized hexahedron shape with well-developed facets. Noticeably, a crystallite in the PZT thin film takes the same shape as the PZT crystal. Figure 1͑b͒ shows the piezoresponse (A• cos ) of the PZT crystal, where A is the tip vibration amplitude, which is a parameter proportional to the piezoelectric coefficient, and is the phase difference between the applied ac signal and the tip vibration due to the state of polarization direction. It reveals a hysteresis curve; the curve represents the polarized domain switching. As expected from the piezoresponse of the PZT crystal, the XRD pattern in the inset of Fig. 1͑b͒ shows that the crystal had a perovskite structure with a tetragonal ratio (c/a) of 1.036. By WDS analysis, the composition of PZT thin film was determined to be Zr/Tiϭ40/60. The chemical formula of the PZT crystal shown in Fig. 1͑a͒ is therefore expected to be PbZr 0.4 Ti 0.6 O 3 . Figure 2͑a͒ shows the plane-view TEM image of a crystallite in PZT thin film and Fig. 2͑b͒ shows a corresponding HRTEM image with a selected area diffraction ͑SAD͒ pattern. The periodic arrays of dark streaks are oriented in two directions. As shown in Fig. 2͑a͒ , one direction is perpendicular to the other. These streaks can also be seen in the HRTEM image in Fig. 2͑b͒ . They form a broad region about 2 nm wide and each side contrasts with the other. Our PZT crystal has a tetragonal ratio of 1.036; this makes it difficult to determine exactly whether the zone axis is the ͓100͔ or ͓001͔ direction from the SAD pattern. Therefore, it is not clear whether the streak direction is the ͓100͔/͓010͔ or the ͓110͔ direction of the tetragonal cell as shown in Fig. 2͑b͒ .
In Fig. 3͑a͒ , the cross-sectional TEM image of a crystallite in the PZT thin film shows a microstructure of wedgeshaped bands arrayed periodically. The HRTEM image obtained at the narrow band on the microstructure of Fig. 3͑a͒ is shown in Fig. 3͑b͒ . This HRTEM image exactly coincides with the image observed by Lee et al. in epitaxial PbTiO 3 thin film grown on an MgO ͑001͒ substrate. 18 The diffraction spots on the SAD pattern in Fig. 3͑b͒ can be exactly indexed with zϭ͓100͔. The HRTEM image makes clear that a twin exists along the ͓011͔ direction. The twinned region is therefore the a-domain, while the outside is the c-domain. Surprisingly, this polydomain structure is the same twinned domain structure that forms during the paraelectric ͑PE͒ to ferroelectric ͑FE͒ phase transition (PE→FE) to relieve the misfit strain energy between the cubic PE and tetragonal epitaxial FE phases. [19] [20] [21] [22] [23] [24] [25] [26] [27] In the tetragonal ferroelectric phase, a twin occurs along four coherent ͕101͖ planes, and these planes become the c/a domain boundary ͑90°domain wall͒. The polar axes of the a-domain and c-domain are not at right angles to each other as shown in the HRTEM image in Fig.  3͑b͒ . The theoretical deviation is determined by ϭ90°Ϫ 2 tan
Ϫ1
(c/a). 28 In this study, the observed deviation is about 2.5°, which differs slightly from the tetragonal ratio (c/aϭ1.036) acquired from the XRD analysis.
Significantly, the 90°domain wall has a tendency to show the dark contrast depicted in Fig. 3͑b͒ . From this point of view, the periodic arrays of the dark streaks shown in Figs. 2͑a͒ and 2͑b͒ are apparently related to the ͕101͖ c/a domain wall. That is, the ͕101͖ c/a domain walls on the ͑100͒/͑010͒ plane in the tetragonal cell should exist along the ͓100͔/͓010͔ direction on the ͑001͒ plane. Consequently, the zone axis of the HRTEM image and the SAD pattern in Fig.  2͑b͒ is the ͓001͔ direction. If the direction of the ''A'' streaks in Fig. 2͑a͒ is ͓100͔, the ''B'' streaks should exist along the ͓010͔ direction on the ͑001͒ plane in the tetragonal cell.
On the basis of the TEM results, the three-dimensional domain structure of the PZT crystal shown in Fig. 1͑a͒ can be schematically represented as shown in Fig. 4͑a͒ . The inset shows the vicinity of the ͑011͒ twinned c/a domain wall. The polarization is also indicated on the c-domain and the a-domain. Furthermore, the domains will form a 180°do-main wall to reduce the polarization energy. To simplify the domain architecture, Fig. 4͑a͒ shows the ͑011͒ and ͑101͒ twinned a-domain among the four ͕101͖ twin families: the (01 1) and (1 01) twinned a-domain is omitted. In fact, in the three-dimensional domain architecture theoretically expected by Roytburd et al., the ͑011͒ and ͑101͒ twinned a-domain in Fig. 4͑a͒ is identical with the a 1 -domain and a 2 -domain, respectively. 27 They also provide experimental evidence on the formation of the crossed a-domain on the ͑001͒ plane with a plane-view TEM in 450-nm-thick epitaxial PbZr 0.2 Ti 0.8 O 3 film on a ͑001͒ SrTiO 3 substrate. SNDM observations easily confirmed the proposed polydomain structure of the PZT crystal; one example of the results is shown in Fig. 4͑b͒ . To be equivalent to Fig. 4͑a͒ , the corresponding crystallographic plane indices are indicated on the figure. The inset is a three-dimensional topography image of the observed PZT crystal. The lines on the SNDM image show the crystal edges and another PZT crystal stands close to the observed crystal. Our PZT crystal clearly shows the c/a/c/ domain walls on both the ͑001͒ and ͑010͒ planes as depicted in Fig. 4͑b͒ . The ͓001͔ axis of the observed crystal tilts away from the normal to the crystalsubstrate interface. Therefore, the probe scans not only the ͑001͒ plane, but also the ͑010͒ plane. This makes it possible to obtain the same SNDM signal from both the ͑001͒ and ͑010͒ planes simultaneously. The crystal uses only one twin variant; that is, the ͑101͒ twinned a-domain in Fig. 4͑a͒ . However, the crystallite that revealed the plane-view TEM of Fig. 2͑a͒ uses at least two ͕101͖ twin variants because the c/a domain walls in the A and B region are at right angles to each other.
From the PbTiO 3 -PbZrO 3 subsolidus phase diagram, we know that PZT ceramics have a Curie temperature of about 425°C. At this temperature, the phase transition from the cubic paraelectric phase to the tetragonal ferroelectric phase occurs. 29 Our PZT crystal was grown in a hydrothermal solution at 160°C under hydrostatic pressure. Even with the effect of hydrostatic pressure, our PZT crystals experienced no phase transition; they were grown in a temperature range where the tetragonal phase is stable. Nevertheless, contrary to expectations, they exhibited the twinned domain structure observed in epitaxial ferroelectric thin films such BaTiO 3 , PbTiO 3 , and PbZr 1Ϫx Ti x O 3 , which were grown on a cubic substrate with a high processing temperature. Furthermore, the thermal expansion mismatch of the PZT crystal and Ti substrate is unlikely to be responsible for the observed domain structure because the crystal growth temperature was 160°C. Therefore, our experimental results clearly suggest that another mechanism forms the twinned domain structure of the PZT crystal fabricated by hydrothermal synthesis. A study of this phenomenon is in progress.
In summary, submicron and micron-sized isolated PZT crystals and thin films on a Ti substrate were hydrothermally synthesized at 160°C. The results confirm that isolated PZT crystal has an hysteresis behavior of piezoresponse, which represents ferroelectricity. From HRTEM observations on a crystallite in polycrystalline PZT thin film, we found a twinned domain structure of the ... c/a/c/a ... polydomain pattern. On the basis of the HRTEM observations, we proposed a three-dimensional domain structure of the isolated PZT crystal, in which the c/a walls form along coherent ͕101͖ planes in the tetragonal cell. This structure was experimentally verified by SNDM. 
